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SUMMARY

An anelybical method is given for calculating the maximum wall
temperature of a tall-pipe burnmer or a ram-Jet combustlon chamber
cooled by alr or ges flowing through a surrounding annular passage.
Dete from step-by~step Integrations of the heat flow from the com-
bustion gas to the cooling gas, whlch take into consideration the
longltudinal temperature distribubtion of the combustion gases, the
variation of heat-transfer coefficients along the burner length,
and radistion from combustion gases to the combustlon-chawmber wall,
are used to develop an empirlcal equation expressing the outlet
temperature of the cooling gas In terms of known conditions of flow
and geometry. When the outlet cooling-gas temperature is known,
two paresmeters can be evaluated that make possible the determina-
tion of the maximum temperature of the inside wall from a working -
chart, which 1s & solution of the heat balance across the inside
wall at the outlet.

Extensive combinations and ranges of ‘the independent variables
(mass velocity of combustion gas, mass velocity of cooling gas,
inlet cooling-alr temperature, final combustion-gas temperature,
burner diameter, cooling-passage height, burner length, and fins)
have been generalized by the empirical equation, which greatly
reduces the labor of calculating the Inside-wall temperature.

Temperatures calculated by this method show satisfactory
agreement with corresponding temperatures messured on several expsr-
imentel tall-plpe burners. Corresponding temperatures calculated
at a station 0.7 of the distance from the flame holder to the nozzle
outlet are wilthin +15° of the measured cooling-gas temperature and
within approximately +25° of the measured inside-wall temperature.
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The difference between the measured and calculated inside-~wall tem=
peratures ranges from about 0.06 to 0,16 of the difference between
the measured temperatures of the inslde wall and the cooling gas.

INTRODUCTION

Installations of tail-pipe burners for augmenting thrust at
take-aoff, in combat emergencies, and for acceleration through the
transonlc region urgently demand the solution of cooling problems
inherent in such Instsllations., The combustlon temperatures in
tall-pipe burners and in ram Jets reach 3000° to 4000° R, The
durability of high-temperature alloys currently used in construc-
tilon of tall-pipe burners and ram-Jet combustion chambers is
impaired by operating temperatures greater than about 2000° R
(reference 1). For continuous operation, some means must be pro-
vided to prevent overheating of the burner well and to protect the
alrcraft structure and accessories from high temperatures.

Some suggested methods for malntaining burner-wall tempera-
tures within safe limits meke use of stratification of combustion
to provide cool air or gases between the wall and the hot gases
(reference 2), a liquid-cooling Jacket (reference 3), a regenera-
tive fuel preheater jacket (reference 4), & ceramic combustion-
chamber lining (reference 5), a thin wall cooled by convection and
radiation to the free stream (reference 6), and air flowing through
en annular cooling pessage surrcunding the cambustion chamber
(references 2 and 7). Cooling of exHaust pipes and tail pipes in
which there 1s no combustion 1s discussed in reference 7.

Several of these cooling systems are belng experimentally and
analytically investigated at the NACA Lewls laboratory. Cooling
by means of an annular alr passage is belng Intensively investi-
gated, Results of a detalled lnvestigation on cooling of talil=-
pipe burners and rem-Jet combustion chambers are presented herein.
The analysis is primerily concerned with heat transfer and temper-
atures and does not consider the pressure losses through the cool-
ing paseage or the effect of the cooling system on over-all
performance,

Calculation of the maximum inside-wall temperature from a heat
balance acrogs the wall at the outlet requires the solution of-a
fowrth-degree algebraic equation. This equation 1s converted into
e nondimensional form and presented as a working chart in which
the inside-wall temperature is given in terms of two parameters
involving known temperatures, mass flows, geometry, and materials,

—
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The cocling-gas temperature at the oublet of the coolling pas-
sage is not gemerally known, but it is a function of the heat
received from the inside wall and the heat glven up to the outslde
wall, The analysis presented herein develops an empirical method
for obtaining the cooling-gas temperature at the oubtlet as an ald
in determining the maximum inside-wall temperature. Calculated
data from a number of tedious step~by-step solutions of the heat
balance across the inside wall are generalized in an empirical
equation that relates the oubtlet cooling-gas temperature to mass
veloclty of cooling gas, mass velocity of combustion gas, inlet
cooling-gas temperaturs, outlet combustlon-gas temperature, burner
diameter, cooling-passage helght, and burner length. The approx-
imate range of variables investigated in the development of the
empirical equation are summarized in the following tabls:

BUI'.D.BI‘ a.iameter, iI.\.. - - . T & e a e . - e 8 e - . e o e e 10-40
Cooling-passage height in. e @ o ¢ & ¢ o & o 8 * o o » 1/8-7/8
B‘Ll'r'nerlengthf‘b........-- *® & o e 8 * & e o o 4"10
Mass velocity of combustion ges, lb/(sec)(sq_ PE) o ¢ &« 3.9-32
Maess veloclty of cooling gas, 1b/(sec)(sq £%) + o « « » o« 1.5-51
Mass ratio, cooling gas to combustion gas » . « « « « o 0.015-0.33
Total pressure upstream of flame holdsr,

Ib/Bg_ ft absolu‘be '3 .n . ] e o . - . s & 9 s e o o e 550-6000
Inlet total temperature of cooling gas, R . « + « » « 400-1700
Inlet total temperature of combustion gas, °R « » « « « 400-1700
Outlet total temperature of combustion gas, R . . « . 2000-3700
Longitudinal fins: _

ThicknessS, IMe _ e o o « o o o o s s o o « « s o » o o o o o L[16

Spacing,in. a.o.'a-o.a---o--.---o-.1/2

Height, in. . « « .« 1l/4end 1/2

An example problem included in appendix A 1llustrates the use
of the empirical equation and the determination of the maximum
inside-wall temperature from the chart. .

CONFIGURATION AND ASSUMPTIONS
Configuration
An amnular cooling passage formed by & concentric liner inside
a tail-pipe burner or a ram-Jet combustlon chamber is shown in fig-
uwre 1(a)., Part of the diffuser mess flow is diverted through the

annular passage for cooling purposes. Unless otherwlse stated, the
succeeding discussion refers to a tall-pipe burner with part of the

.
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turbine~cutlet gas used for cooling, but the method uf analysils
epplies equally well to a ram Jet cooled with air or to a tall-plpe
burner cooled with air flowing through an external shroud.

Baslc Assumptlons

The following basioc assumptions were maede in calculating the
data used to develop the empirical equation relating the outlet
cooling-gas bemperature to the independent deslgn and operating
variables:

1. Steady-state conditions

2. Flow passages of constant cross~sectional area

3+ One~dimensional flow

4, Linear combustion-temperature rise from inlet to outlet
5., Fully developed turbulent flow

6, Twice nonluminous radlation from combustion gas to insgide
wall

7. Negligible temperature drop acrose inslde wall and no
longitudinal conductlion

8. No heat flow through outslde wall

Discussion of Assumptions

One-~dimensional flow, - The assumption of one-dimensional flow
is permisslble in the cooling passage where tranaverse temperature
gradlents are not large. . large transverse temperature gradlents
are created in the combustlon gas by the combustion pattern, which
is largely influenced by the flame-holder design and radlal clear-
ance with the inside wall and by the manner of fuel inJjection. A
uniform transverse temperature dlstrilibution ls assumed 1n the
absence of experimental data relating the combustion-gas temperature
at the wall to the initegrated mean combustion-gas temperature.

This sssumption ls conservative because, in the usual case, the gas
temperature at the wall 1s lower than the mean gas temperature;
however, if flames should impinge directly on the inside wall, this
assumptlion should still he walid.

1227
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Linear combustion-temperature rise., - Typical longitudinasl
digtribution of the mean combustion-gas temperature is shown in
flgure 2, The data were calculated from measured statlc-pressure
distributions on two Z0-inch-diameter ram-Jjet combustion chambers
of different length. A small simplification of .this analysls is
achieved by sssuming a linear rise in combustlon temperature with
length. Trial calculations uslng step-by-step integration %o check
the effect of several assumed distributions of combustion-gas tem-
perature (fig. 3) show some effect.on the outlet cooling-gas tem-
perature and an even smaller effect on the maximm inside-wall
temperature.

Fully developed turbulent flow. = The equivalent of fully
d.eveloped. turbulent flow is consldered to exlst et the inlet of
the cooling passage and at the inlet of the combustion chamber
although actual flow condlitions may be different.

Radiation from combustion gas to Inside wall. ~ Radlation
from the combustion gas to the inside wall i1s difficult to esti-
mate because of the unknown degree of luminosgity of the combustion

' flames and because of inadequate data on the emissivity and

absorptivity of luminous flames. Referemnce 8 states that radia-
tion from soot in industrial furnaces 1s of a greater order of
megnitude than nonluminous radistion. Luminous acetylene flames
are reported (reference 9) to radlate roughly four times as much as
when nonluminous, The high combustlon efficlency of a burner
results in comparatively fewer luminous particles then in a sooty
flame and the radiant heat from the combustion gas is therefore
probably between the nonluminous value and four times the non-
Juminous value, The calculated data used in developing the empir-
ical equation in this report are based on the estlmate of twice
the nonluminous radlation as glven in reference 8. The mass ratlos
of carbon dloxide and of water vapor to combustlon-gas products
were assumed to be the same as those corresponding to complete
combustion of & stolichiometric mixture of alr and 012H26 (same
molecular welght as kerosene).

Negligible temperature drop and no longltudinal conduction, =
The inside wall 18 assumed thin enough that the temperature drop
across the wall 1s negliglble, end the thermal conductivity and
longitudinal temperaturs gradients in the wall are small enough to
eliminate consideratlion of longitudinal flow of heat.

No heat flow through outside wall, - The assumption of no
heat flow through the outslde wall elimlnates an additional heat
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belance and greaetly simplifies the calculations. The outside~wall
temperature was therefore agsumed as equal to the local cooling-alr
temperature. This assumption is satisfactory in cases where the
cutslide wall is insulated from the surroundings and gives a con-
servatlive estimate of cooling requirements in cases where there is
external heat loss. When the heat flow through the oulside wall

is apprecisble, the method used for calculating the outlet cooling-
gas temperature wlthout heat losses can be applied and then cor-
rected for heat lossee through the oubtslde wall,

SIMBOLS

The followlng symbols are used in this report:

A area normal to flow direction, (sq £t)
8,4,J,M,  exponents
B chE c

UsDy

Dy-Dy
b cooling-passage height, = (£+)
c exposed perimeter, (ft)
cp specific heat at constent pressure, (Btu/(1b)(°R))
Dy, hydraulic diameter, (ft)
Dy outslde dlameter of inside wall or burner diameter, (ft)
Do ingide dlameter of outeide wall, (ft)
FA P modulus thet modifles equation for radiation between black
? bodies to account for emisslvities and relatlve geometries

G mass veloclty, {1b/(sec)(sq Ft))
h heat-transfer coefficlent, (Btu/(hr)(sq £+)(°R))
K factor in equation (19)
k thermal conductivity, (Btu/(hr)(eq £1)(°R/Et))

1227
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® 8 4 H =% o4 d &« @ H D one o

©

beam length, (£t)(reference 8, p. 69)

length or height, (ft)

number of fins

total pressure, (1b/sq ft absolute)

static pressure, (1lb/sq £t absolute)

heat flow, (Btu/ar)

surface area, (sq £%)

distance between surfaces of adjecent fins, (ft)
total temperature, (°R)

arithmetic average of suxface temperature and free-alr
temperature, (°R)

static or surface temperature, (°R)
effective over-all heat—transfer coefflclent
veloolty of undisturbed air stream, (£t/sec)
masgs flow, (1b/sec)

distance, (£t)

thickness s (£t)

absorptivity

constant of proportlonality

density of air at temperature T, and prevalent
pressure, (1b/ou £t)

emigsivity
psevdoemissivity of wall

Stefan-Boltzmann constamt, 0.173x10~8 (Btu/(sq £t)(hr)(°R%))
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Parameters:

‘IISO'(FA,E + E'w. G’.S)

. nyp n h.C
hg + bg <l - @;’-) + EI tv thkfyf tanh Zf kfyf

QP =

ny; heC
4 Y4 B, e
Tgo€'yeg + Tghg + Tc‘}@A,E + Tg l}‘c(l - E{) + Dy hoCkpyy tenh I 43 Yf]
Y=

ng + Bo <1--},’§>+-ﬂg—imm e

Subacripts:
av average
Coo carbon dloxide In combustion gas
o] cooling gas or coolling passage
d diffuser outlet
f fin

combustion gas or combustion chamber
H,O0 water vepor in combustion gas
i ingide wall
o outside wall
r radiation
W wall

x verisble station

0 emblent or surrounding
1 inlet station or preceding station (fig. 1)
2 outlet station or succeeding station (fig. 1)
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HEAT BATANCE AND DETERMINATION OF WALL TEMPERATURE

Under equilibrium conditlions, the heat transfer from the com-
bustion gas to the inside wall is balanced by the heat lost to the
cooling air, and the equilibrium temperature of the wall can be
obtained from the heat-balance equation in terms of known btempers-
tures, heat-transfer coefficlents, emissivities, and geometry.
Inasmuch as the heat balance 1s a fourth-degree algebraic equation,
a chart is developed that reduces the labor of calculating the
Inside~-wall temperature.

Heat-Transfer Equations

Convective heat transfer, - Convectlve heat transfer between
a gas and a surface is given by Newton's law of cooling

% = h(Tg - tw) (1)

where h depends on the fluid flow conditions, The convective
heat=transfer coefficient h for turbulent flow of air 1in long
ducts may be obltained from reference 10 as

.3 0.
70.3 0.8 ()

DhO.Z

Equation (2) is used to estimate convective heat-transfer coef-
ficlents in the combustion chamber and the cooling passage.

h = 0,378

For circulaer ducts, the hydraulic diameter Dy 1s equal to
the geometrical diameter. The hydraulic dlemeter of a nonclrcular

duct ls four times the flow area divided by the wetted perimeter.
In the case of an annulus, the hydraulic diameter 1s

Dy =D, - Dy (3)
and for a rectanguler fin passage

Zszf

D = 8+lp (4)

where 1p 1s the fin height and s 1s the distance between sur-
faces of adjacent fins.
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Radiant heat transfer from combustion ges., - The radiant heat
transferred from the combustion gas to the Ineide wall 1s given
(ref_'erence 8) by the equation

4.
_I"s"& = 0€’w (€8T84 - q’gti4) (5)
where
€_+1
W
_ ‘v =3 ' ()

and g and Qg are evaluated from charts in reference 8., Emis~
givitles of surfaces are given in references 8 and 1ll.

Redlant heat transfer belween walls of coollng passage, - IT
the outside-wall temperature ls assumed equal to the local cooling=-
gas tempersture, the radiant heat transfer between the walls of the

cooling passage ls expressed by

L

¥ = 0Fy p(ta? - To#) (7)

where FA E is a combined shape-emlisslvity modulus that modifies

the eq_uation for radiation between black bodies to account for the
emigslvitlies and the relatlve geometries of the radiating surfaces.
Reference 10 glves FA,E for infinite concentric cylinders as

L (8)

which 1s sufficiently accurate for the annular cooling passage with
or without longltudinal fins in the passage. -

Heat transfer to fins, - The heat transfer from a finite bar

fin (fig. 1(pb)) of constant cross-sectional area with no heat flow
through the end of the fin tlp is given in reference 12 as

a4 = 2/BoClphe (ty -~ Tg) tanh zf'qf%;%r; (9)
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where
Ap = Jp per wmit of length

Use of eguation (9) in this analysis is limited to cases where fing are spaced close
enough to maintain an essemtially constant wall temperature between fin bases,
Heat Balanoce
The balance of heat received end given up by the inside wall ‘s
Ur,g * g = Gp,w + 9 + Ddp (20)

Substitution of equations (1), (5), (7), and (9) into equation (10) and rep-
repenting S per unlt of length glves

o€y (eglgh = agts¥) aDy + ho(T, - 6y) Dy

hoC
4 C
= 0Fy 5(5y* = T,%) Dy + oty ~ T ) (D, - nge)+ A Cieyp (4 -~ T,) tauh 1. %7

(11)

Dividing equation (11) by =Dy and expanding and collecting like terms give

4 1 Dyf n hac
ty U(FA,E"'Ewu'g)'l'ti bg + b, l---ﬂ)—1 o b Ckpyp tanh lg E.L'?:E:

ny, h,C
_m 4 T Y A ] 12
= Tg Oe'yeg + Tghg + Toholy m + T, [ g (l i "D:J MR A2 ey | )

80TEE WY VOVM

TT
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Determination of Inside-~Wall Temperature
The unknown inside-wall temperature %4 1s related in equa-

tion (12) to the known temperatures, mass flows, geometry, and
materials. Rearranging equation (12) gives

t\d 6y
w(‘ar) vy Tl (13)

where

Tg4°"wes + Tghg + To"oFA,E + Ig l:hc<1 - ) \/hOCkryf tanh 2p kfyf:l

e n b0
hg + bg <l - ;51->+ -;)71 /\/hOCkfyf_tanh e "‘i;&;

V=

(14)

3 t
-~ Vo(Fy,p + €'y %) (15)

hg + hc < - ‘—‘— 4/1’1 Ckfyf tanh zf kfy

With no fins in the cooling passage, n 1s zero end the parameters
Y and @ reduce to ' '

4 4 :
V= Tg O€'y€g + Tghg + To"0Fy g + Tohe (16)
hg + g .

3
O(FA,E +e cx,g)
Q= (17)
h8 + hg

The temperature of the Inside wall can now be read from a
plot (fig. 4? of equation (13) when the parsmeters ® and VY are
evaluated. It 1s noted that © contalns ) which depends on

the value of +t; and must therefore be estimated. A%t a wall ftem-
perature of 1960° R, the average rate of decrease of ag with 13

1227
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ig about 10 percent per 100° increase in %; and, because the con-
tribution of e'yag to © is emall, a second estimate of ag 1is

generally unnecessary. The outlet temperature of the cooling gas
that appears in the parameter VY 1is obtained from an empirical
eguation developed in the following section.

EMPTRICAT. EQUATION FOR COOLING-GAS TEMPERATURE

Direct solution of the differential equation relating the out-
let cooling-gas temperatiure to the Independent variables, passage
height b, passage length 1, bDurner diameter Dy, mass veloclty
of combustion gas GB’ mass veloclty of coolling gas G,
combustion-gas temperature distributian, and inlet cooling-gas
temperature, is Impossible because the heat-transfer coefficients
vary with temperature along the length of the burner. The dif-
ferentlal equation for the temperatures 1n the cooling passage can
be solved when the simplifying assumptions of constant heat-transfer
coefficlents and consteant gas properties are made. Solution of the
differential equation using these simpliflcations gives the charac-
teristic equation

_ iU
- 1. [l_Tng - To,1 < w >:|e bGeCp, ¢
Tg!z - TGJE = Tg’z " Tgil chcP)c (18)
T - T U
8,2 g,1 —_
o bGelp,c
which is derived in appendlx B and plotted in figure S5 for given
' T .-T
values of the dimenslonless parameters &1 c,1 and U .
: T - bG c
g8,2°78,1 c p,c

Fitting Empirical Eguation

The succeedlng peragraphs develop an emplrical equation, which
U

bicp,c

step~by~-step solutions for the outlet cooling-gas temperature. The
data obtained from the step-by~step solutions are presented in
table I.

evaluates the parameter from the resulits of a number of
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bGLC
The unknown quantity in the parameter ——ET%LE 1s the effec-

tive over-all heat-transfer coefficient U. The value of U is

related to Reynolds nmumber of the cooling-gas flow, the Reynolds

nuber of the combustion-gas flow, and the temperature of cooling
ges and combustlon gas. Because of this relation, the parameter

bGLC

—72% is related to the independent varisbles by the following
aprroximate empirical equation:

Be%p,e i (%Y ¢ ap, fompnn, vr, 12 (19).

W T t\Gg) “e i 8,2 “c,1
The congtants In this equatlon can be adjusted to fit the resulis
of the step-by-step solutione that take Into conslderation +the
variation in heat-transfer coefficient. This fitting is accom-
plished by selecting the proper values for the factor K and the
seven exponents &, 4, j, m, u, v, and z.

The method of selecting the values of the exponents 1s illus-
trated by the selectlon of a. From the resulis of the step~by-
step calculations (table I), in which G@/bg wasg varied and all

T, 5-T
other quantities held constant, values of 8,2 _c,2 are obtained,

Tg,2"Tg,1
Te,17%6,1 8,5 " &
The corresponding values cf Eﬁﬁg:f—iz are found from the initial
& &,
bGoCh . o
condltions, The values of 2 B2C ohtained from figure 5 are

18)
then plotted ageinst G./Gy on logarithmic coordinates, as shown
in figure 6(a)., The data fall in straight lines and each line
reypresents a constant set of operating condltions and geometry.
The slope of each line 1s the exponent a. The value of & 1In
equation (19) is assumed to be independent of the variables; this
essumption is shown to be approximately correct by the fact that
lines representing widely different condltlions are practically
parallel.

A gimllar procedure 1s employed in determining the values of
the other exponents (figs. 6(b) to 6(g)). The extent %o which
the value of each exponent is independent of the values of the
other variables can be seen by the approach to parallelism in fig-
ures 6(b) to 6(g). The values of the exponents thus determined
are as follows:

L.

1227
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a = 0.84
d = 0.29
J=0
nm=1l.2
"u = -1,0
v = -0,38
z = -0,23

The values of the varilables :f‘rom the step-by-step solutions

and the corresponding values of -—-Z—UP-L from figure 5 are sub-

stituted into equation (19) along with the tabulated values for
the exponents, to determine the factor K. The mean value of X
(fig. 7) 1s 50,000 with a spread of £0.14 from the mean value,
which 1s an indication of the over-all asocuracy of the empirical
equation in correlating the range of combinations investigated in
the step~-by-step calculations,

In s ram Jet having an outlet combustion-gas temperature of
3500° R, & combustion-chamber-inlet temperature of 500° R, and an
inlet cooling-air temperature of 500° R, an uncertainty of +0.14
in K causes veriations in cooling-air temperature rise from the
mean 'hempera.'bure rise of the cooling air of about +0.15 and +0.03

)
a.'b ——E—P-?—c equal to 1.5 and 5, respectively. In these regions

. 'hhe effec'b of outlet cooling-alr temperature on the maximum inside-
wall temperature is approximetely 1° change in wall temperature per

bG,c
10° change in cooling-air temperature for _—;.;TIE’E of 1.5 and

approximately a 1° per degree change in the region of °

of 5.

c
JAY)

In tail-plpe burners cooled by alr entering a éooling passage
at 5000 R and having combustion-gas 'bemperatures of 1700° and

3500° R at the inlet and outlet, respectively, ——°P-f—- has a

velue of approximately 5, and the possible variation in cooling-
alr temperaturs rise from the mean value of cooling-alr temperature
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rise 1s approximately +0.15. For this region, a 4° change in
outlet cooling-ailr tempersture results in a 1° change in the maxi-
mum inslde-~wall temperature. :

Rewritten in a working form, equation (19) is

0.84

bGgp, G 0.29 pLe2 / 1 \0:38 7 4 \0.23

10 = 50,00¢ G Ge 1 AT 7
8/ 8,2 c,1

(20)

Figure 5 in combination with the desired empirical equation (20)
relates the outlet cooling-gas temperasture to the independent
variables.

Effect of Longitudinal Fins in Cooling Passage

The applicablility of equation (19) has been investigated for a
few combinations having fins attached to the burner wall., The
exponents a and m in equation (19) were determined and found
. to be in agreement with the exponents in equation (20). The fac-
tor K 1n equation (19) was then determined using the remaining
exponents of equation (20).

The form of equatlon (19), as indicated by figure 8, is
applicable to longltudinal fins In the cooling passage when K is
replaced by a function of the ratio of heat-transfer surface on
the cooling-gas side including fins S, to the heat-transfer sur-
face on the combustion-ges elde Sy of the Inside wall, Flgure 8

ylields the approximate expression

SG
K =.6100 (9.2 - =2 (21)
8¢ _

when the cooling passage contains fins of 1/16 inch (0.0052 ft)
thick Inconel having helghits of 1/4 to 1/2 inck (0.02083 to

0.04167 £t) and spaced 1/2 inch apert. A more thorough analysis

1s recommended for other combinations of materials and fin geometry.

Correction for Extermal Heat Losges

Flight or test installations of tail-pipe dburners that are
not insulated may have appreclable heat losa through the outslde
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wall, In these cases, an approximate correction can be applied to
the outlet cooling-gas temperature (obtained from equations (20)
and (18)) before substitution into the parameter VY. The heat
loss from the outside wall to surroundings ls

4 4
gg; = UFA,E(to,av - Tp~) + ho(to,av - Tg) (22)

where 1ty o, 1s the average outside-wall temperature and h, 1is

the outsiée-wall hegt-transfer coefficient, which may be for free
convection or forced convection depending on the installation.

The heabt-transfer coefficlent for free convection about a horizon-
tal cylinder 1s gilven in reference 8 as

£y 7. \0-25
hg = 0.27 —:—ﬁ—— (23)
(o]

If the engine and tall-pipe burner are In an unconfined alr stream
of high veloclty, hgy can be estimated from the flat-plate equa-

tion (reference 10) for turbulent flow,

(Voo)

2'02

ho = 0.64 T 0 (24)

where 1 1is the length of the plate. The reduction in outlet tem-
perature of the cooling gas due to heat losses %o the surroundings
is

s
U 5" N et ~ A
4Tq (so) 3600 Woop, o (25)

and the corrected outlet cooling-gas temperature equals the outlet
cooling-ges temperature without losses minus AT..

COMPARTSON OF ANATYSTIS WITH EXPERTMENT

Temperatures of the cooling-passage walls and the cooling gas
have been measured on several tall-plpe burmers during an inves-
tigatlion of thelr performance and operational characteristics in
the NACA Lewls altitude wind tunnel. The method by which these
data were obtained did not permlit a direct check of the values of
the factor K and the exponents in the empirical equation. A

il + 2
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preliminary check has been made, however, by coamparing the exper-
imentally observed temperatures with the corresponding temperatures
calculated using the emplrical equatlon. Typlcal results are pre-
sented for one of the tail-pipe burners, which 1s shown in fig-

ure 9, coolsed by part of the turbine~outlet gas flowlng through
the annuler cooling passage and by heat losses through the unin-
sulated outside wall (figs. 10 and 11). The heat losses to the
tunnsel test sectlon were great enough that the outlet cooling-gas
temperature was spproximabtely equal to the Inlet temperature.

The outlet tempereature of the cooling gas obtalned from the empir-
ical equation 1s therefore corrected for heat losses to the tunnel
by the previously descrlbed method. In the calculations, the tun-
nel 1s considered to be a black body, the emlssivity of the 1lnslde
and outside walls is 0.7, nonluminous radistion is =zssumed from

the combustlon gas to the inslde wall, and the characterlstic
length In equation (24) is 20 feet. (A sample calculation 1s given
in appendix A.) The corrected cooling-gas temperature is used in
determining the inside~wall temperature,

Comparison 1s made of the calculated and measured inside-wall
and coollng-gas tempsratures at the outlet of the 48-~inch-long
cylindrical section of the combustlon chamber because temperatures
were not measured 1n the nozzle sectlon of the cooling passage.
Inasmuch as the combustion-ges temperature at the outlet of the
48~-inch gectlion was not measured and because combustion continues
in the nozzle, the combustlon-gas temperature was estimated to
equal the inlet combustion~-gas temperature plus 0.85 of the
combustion~temperature rise to the nozzle outlet.

Results end discussion. - Calculeted and measured temperatures
of the cooling gas and the inside wall are shown in figures 10 and
1l. The corrected cooling-gas temperature 1s within +15° of the
measured cooling-gas temperature, and the calculated inslide-wall
temperature is within approximetely £25° of the measured inside-
wall temperature., The difference between the measured and calcu-
lated inside-wall temperatures ranges from approximately 0.06 to
0.16 of the difference between the measured temperatures of the
inslide wall and the cooling gas.

The good agreement shown ls due in part to the choice of
combustion-gas temperature at the 48-inch station and the emils-
slvity of the walls and of the ratio of luminous rasdiatlon to non-
lwminous radiation from the combustlon gas to the inside wall.
The effect of changes In the chosen values upon the agreement
between calculated and measured temperatures will be subseguently

onmililin-
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discussed., The agreement betwéeen The calculated and measured tem-
peratures applies only to combustion chambers having a combination
of a well-proportioned flame holder and an optimum fuel-injection
system, which completely fills the burner cross sectlion with flame
and produces hlgh combustlion efficlencles. The analysis predicts
coolling-gag and inslde-wall tempsratures that are too high for
configurations in which fuel is concentrated near the center of the
combustion chamber, or which have no flame holder, or when the
radisl clearance between the annulsr flame holder and the insilde
wall 1s large enough to provide a relatively cool layer of gas
next to the inside wall.

Effects of uncertalntlies in calculated temperatures. - The
accuracy to which the temperatures of the cooling gas and the
inside wall can be calculated dspends on the accuracy to which the
gquantities in the empirical equation and the parameters ¢ and
¥ are known and in turn upon knowledge of actual conditions exist-
ing in the combustion chamber and the cooling passage.

The effects of several comblnations of assumptions regarding
combustion-gas temperature, emissivity, and ratio of luminous to
nonluminous radiastion on the computed temperatures at the outlet
of the 48-inch section of the tail-pipe burner are shown in the
following table, The measured quantities were: mass velocity of
combustion gas, 6.83 pounds per second per square foot; mass veloc-
ity of coolling gas, 9.1l4 pounds per second psr square foot; mass
ratio Wb/Wé, 0.088; combustion-gas temperature at inlet, 1704° R;
combustion-gas temperature at nozzle outlet, 3363° R; cooling-gas
temperature at outlet of 48-Iinch sectlon, 1712° R; average outside-
wall temperature tg ,av? 1513° R; and Ingide-wall temperature %1,2
2130° R. The outside-wall heat-transfer coefficient hy (equa-
tion (24)) is estimated from turbulent flow over a flat plate
20 feet long.
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Measg~ Assumed or calculated condltion
ured
condi-
tion
Combustlon-gas tem-
perature, Tg,z, at
48-1inch statlon,
oR 33638 3114b

Theoretical outlet
cooling-gas tem-
perature, °R
(equations (20}
and (18)} 1853 1830

Emigsivity of
cooling-passage
wall, €, 0.7 0.8 0.7 0.8

Corrected cooling-
gas temperature,

Ic,22

(gaﬁations (25},

(22), and (24)) 1712 | 1734 1724 1711 1701
Radistion from gas

to wall (c) [(d) j(c) i(a) |(e} {(d) [(c) [(4)

Inslde-wall temper-
ature, t; 2, i}
(equation (13)) 2130 [2215]2315]|2188(2290]2118]2195 [209412185

combustion~gas temperature at nozzle outlet.

bInlet combugtion~gas temperature plus 0.85 combugtlon-temperature
rise to nozzle outlet.

Nonluminous radiation from combustion gas to inside wall,

dTwo times nonluminous rediatlon from combustion gas to inside
wall.

The preceding table shows that either of the assumed tempera-
tures for combustion gas at the outlet of the 48-inch section gave
corrected cooling-gas temperatures close to the measured tempera-
ture of 1712° R. The temperatures of the cooling gas and of the
inside wall are approximately 23° and 100° higher, respectively,
when the temperature at the nozzle outlet 1s assumed at the 48-inch
station. o S

An Increase In ¢, from 0,7 to 0.8 lowers the outlet cooling-
gas temperature 10° R and lowers the inside-wall tempsrature 10° to

ST

12287



L2gt

NACA RM ESLOS Sy 21

27° R, It 1s therefore concluded that the choice of wall emis-
givity is of secondary consideration in the region of €y equal
to about 0.7 or 0.8, Doubling the nonluminous radiatlom from the
combustion gas increases the inside-wall temperature from aboutb
80° to 100° R.

Obviously, a number of combinations of assumptions, within
cortain limits, wlll yleld calculated temperatures equally close
to the measured temperatures. The proper cholce, however, depends
on more precise knowledge of the actual conditions. TUncertainties
in the actusl combustion-gas temperature near the inside wall are
most critical and should be experimentally investigated for various
combinations of flame holder and fuel-injection system. The ratio
of luminous radiatlon to nonluminous radliation from the combustion
gases 1s of equal importance, although more difficult to determine
experimentally.

SUMMARY OF RESULTS

An anslysils has been mads that reduces the labor of calcu-
lating the maximum Iinside-wall temperature of the combustion cham-
ber of a tall-plpe burner or & ram-Jet combustion chawber cooled
by air or gas flowing through a surrounding annular cooling passage.
The maximum temperature of the Inside wall is obtained from a heat
balance across the inglde wall at the outlet after the outlet tem-
perature of the cooling gas has been determined from other known
conditions, The calculation of the inside-wall temperature from
the heat balance regulres the solutlon of a fourth-degree algebraic
equatlion, which is simplified by means of a working chart.

Because the oubtlet teémperature of the cooling gas Tc,2 is
not genesrally known, an empirical equation is developed that relates
the outlel cooling-gas temperature to known btemperatures, flow con-
ditions, and geometry. The emplrical equation is

0.84
bG.cC G, ¢ 1.2
c®p,c _ c 0.29 b -0.38 ~0.23
0 K<G.g> Gg —1 Tg:z Tc:l (20)
where
b cooling-passage height, (ft)

c speclfic heat at constant pressure of cooling gas,
2% " (5tn/(1b) (°R))

¢}
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Go mess veloclty of cooling gas, (1b/(sec)(sg £t))
Gg mass velocity of combustion gas, (1b/(sec)(sq £i))
1 length, (ft)

Te,1 inlet cooling-gas temperature, (°R)
Tg,2 outlet cooling-gas temperature, (°r)
U effectlive over-all heat-transfer coefficlent

The factor X in equation (20) is shown to be a function of the
ratio of heat-transfer surface on the cooling-gas slde S, to the
heat-transfer surface on the combugtion-gas slde Sg. For longi-
tudinal fins of 1/16 inch thick Inconel spaced 1/2 Inch apart and
having helghts of 1/4 to 1/2 inch,

SG
K = 6100 {9.2 - =2 (21)
Sg

which reduces to 50,000 for an unfinned ammular passage where
Sc/sg eguals wmity. S :

A combination of equation (20) with the characterietic equa-
tion (18)

4.
. 1 - [l _ Tg,1 - Tc,1 ( w :ﬂe bGsCp,c
g,2 =~ To,2 _ L Tg,2 = Tg,1 \PGeCp,
= 5 . (18)
Tg,z - Tg,l _
chcp,c

gives the unknown oubtlet cooling-gas temperature in terms of known
temperatures, mass flows, and geometry.

Temperatures calculated by thls analysie and the selected
assumptions show good agreement wlth corresponding temperatures
measured on several experimental tall-pipe burners. Calculated
cooling-gas temperatures at a station 0,7 of the distance from the
flame holder %o the nozzle outlet are within +15° of the corres-
ponding measured temperatures; and calculated inside-wall temper-
atures are within approximately +25° of the corresponding measured
temperatures. The dlfference between the measured and calculated
temperatures of the lnside wall ranges from about 0,06 to 0.16 of
the difference between the measured temperatures of the inslde wall
and the cooling gas,

1227
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The agreement shown applies only to combustion chambers having
8 combination of well-proporiiloned flame holders and an opbimum
fuel-injection system, which results in a complete filling of +the
burner cross section with flame and a high combustion efficiency.

The analysis predicts temperatures that are too high for cop~
figurations in which the Tuel is concentrated near the center of
the combustlon chamber, or that have no flame holder, or where the
radiel clearance between the flame holder and the inside wall 1s

large enough to provide a relatively cool layer of gas between the
flames and the wall.

Lewls Flight Propulelon Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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APPENDIX A

SAMPLE CAICULATION

The inslde-wall temperature is calculated for a typlcal set
of conditions obtained on an experimental teil-pipe burner. Radil-
ation from the combustlon gas 1ls assumed to be twice the nonlumi-
nous radiastion and the outslide-wall heat-transfer coefficlent is
ogtimated from turbulent flow over & flet plate 20 feet long.

Glven condltions, - The following quantitles are assumed to
be known: .

Bux‘ner leng.bh, z b inl L] L] L) L 2 L] - L] L] L - L] L] L] L L] L] L] L] - 48
Outside dlameter of Ingide wall, Dy, In. . . . ¢+ ¢« « &« « « 31

Ingide diameter of outslde wall, Dy, In. « ¢ ¢ ¢« ¢ ¢« « « » 32
Mass flow of cooling gas, Wg, 1b/8€0 ¢ ¢ v « ¢ « « o o o 3.14
Mess flow of combustion gas, Wg, lb/sec . . . . . .. .. 35.78
Tunnel airspeed, Vg, ft/s6c . « ¢« v v ¢ v o o ¢ o v o o o » 140
Tunnel air temperature, Tp, OB « o « o o o « o s ¢ o 4 o o 504
Tunnel static pressure, Dy, ib/eg £t absolute . « « o« « + o 781
Combustlon-gas temperature Ty at nozzle outlet, R . . . 3363

Static pressuré of combustion gas at 48-inch station,
lb/Sq_ ft abSOlu'be 'e o e e e @& 8 @+ 8 4 ¢ & & ¢ e e+ o o . @ 1240

The following temperatures were measured on the 48-inch sectlon
of the combustlon chamber:

Measured Temperature
tempera- (°r)
ture |1nlet station|Outlet station
o 1488 1538
Te 1711 1712
iy 1744 2130
Ty 1704 82114

8Teken as inlet combustion-gas temper-
ature plus 0.85 of combustion-gas
temperature rise to nozzle outlet.

Hydraulic dlameters and passage height. - The hydraulic dlam-
eter of the annular cooling passage 1s obtained from equation (4}
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e

Dy = =% = 0.08333 £t

=
12
and the hydraulic dlameter of the combustion-gas passage equals the

geometrical diameter Dy

. 31
Dg =Dy = iz = 2.583 £t

The cooling-passage helght 1s

b = £ Do = 0.04167 £%

Flow areas and mass veloclties. - The flow areas of the cool-
ing passage and the combustion chamber are, respectively,

2 _ 22
3 527 - 51%) - 0.3435 sq £t

144

Ac

n

bg

from whilch the respective mass velocltles are

7 2.583% = 5.24 sq £%

3.14

Go = 5,545 = 9-14 1b/(sec)(sq %)
35,78

Gg = 2557 = 6.83 1b/(sec)(sq £t)

Radiation between wallg., - The inslde and oubtside walls of the
cooling pessage were Inconel, which hed an emissivity e, of about
0.7 for the surface condltlons and temperatures encountered (ref-
erence 8). The corresponding value of ¢'.. 1s 0.85 (equation (6)).

From equation (8),
1
Fa,E = 3 3\ L _,
0.7 "\32/\0.7

Radiation from combustion ges. - The nonluminous radiation
from the combustion gas 1s calculated from data in reference 8 by

.
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assuming complete combustlon of a stolchlometric mixture of CjgHpg,
for which the ratlo of partial pressures of the carbon dloxide and
water vapor to the static pressure of the combustlion products are,
respecilively,

pco2
—=% = 0.1388
Pg
and
D
“H20 _ 5.1276
Pg

The beam length L 1s taken as 0.8 of the combugtion-chamber
dismeter (reference 8, p. 69). The product

oL = 0.8 X 1240 X 2.583

8 2116 = 1,21 foot atmosphere

L =1.21 X 0.1388 = 0,168

PCOz
pHZOL = 1.21 X 0.1276 = 0,154

Prn L+ L = 0,322
co,~ * Pry0

The partlal pressures of the carbon dioxide and water vapor in
atmospheres are

1240
1240
pEZO = 2718 %X 0,1276 = 0,075
and.
S
P' EE 5 = 0.48
5,0 * Fco, i
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As an initlal estimete, let 4y p = 2150° R = 1690° F and
from the given conditlons, T ,2 = 3114° R = 2654° F for which

g
ECOZ = 0.057‘ i “‘COZ = 0,088
Cy = 1,05
Ae = 0.005 A = 0,004
€g = 0.093 Gy = 0,155
Use of empirical equation., - From equation (20),
.84
bG.C . 1.2
cp,C _ e 0.29 b -0.38 -0.23
V] _50,OOO<§:8> Gg - Tg,z Tc,l (20)
0.84 ' 1.2 -
=so,ooo(%'-%§) x6.850+29 x Q204167 17 577,70+38  37-0.23
=5,21

T -T
and from the zero curve of &1 c,l in figure 5,
' Tg,27Tg,1

;ﬁﬁ;i—"ﬁ = 0.91
8,2 8,1
Therefore,
Tc’z = 3114 - 0,91(3114 -~ 1704) = 1830° R
Correction of coollng-gas temperature for heat losses., - The

outside-wall heat-transfer coefficient ls estimated from equa-
tion (24):

(v )0.8

n, = 0.64

L
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where
to,av + TO
Tm = 2
-1 <——-———-1483 £ 21598 504) = 1008° R
and.

781
P = 5375 % 1008 = 0.0145 1b/ou ft
The value of 1, taken as the length of engine plus tail-pipe
burner, 1ls 20 feet.

(140 x 0.0145)°-8

- 0.3
h, = 0.64 x 10080+3 x o

= 4,95 Btu/(hr)(sq £%)(°R)

From equation (22)

4
. -2 = 0.173 %1078 x 0.7 [(M) - 5044:] +

SO
4.95 (—-——-——-1""88 £ 1538 504)

= 11,260 Btu/(hr)(sq £+t)

and from equation (25)

32
11,260 X x X 7= X 4

= = (e}
¢ = %800 x 3.1d x 0.8 - MR

AT

The corrected cooling-gas temperature is
T, o = 1830 - 119 = 1711° R
J

Heat-trensfer coefficient. - Equation (2) gives the heat-
transfer coefficient for the cooling gas as

171193 x 9.140-8

0.08330'2

by = 0.378 X = 34.1 Btu/(hr)(sq £1)(°R)

and. for the combustion gasg as

1227
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312493 x 5,839:8

0.2 = 16,27 Btu/(br)(sq £6)(°R)
2,583

hg = 0,378 X

Dotermination of inside-wall bemperature. - From equations (18) and (17},

_ 3114%% 0,173 %2078 x0.85 % 2 X 0095 + 3104 % 16,27 + 1711% X 0.175 x 1078 x 0,545 + 1711 X 34,1

v 16,27 + 54.1

= 2836

_ 0.173%10°® (0.543 + 0.85 x 2 x 0.155) 28363

= 0.657
16,27 + 34.1

@

for which figure 4 gives 43l = 0,774
The caloulated Inslde~wall temperature l=s
ty o = 2838 X 0,774 = 2198° R
?

which is close enough to the iniltlal egbtimate of wall temperature that a reestimation ia
unnecessary.

S0I8E WM VOVN

62
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APPENDIX B

LERTVATION OF ILONGITUDINAL DISTRIBUTION OF
COOLING~GAS TEMPERATURE

The one-dimensional dilgtribution of cooling-ges temperature
will be derived for the cagse of constant over-all hesat-transfer
coefficient U, a linear combustlon-gas temperature distribution,
and no heat loat to the outslde. With reference to figure 1, the
genexral case when Tg,1 end Tg, 1 are different is considered.

It is then assumed that at some station upstream (where x = 0)
Té = Tg = Tqe The linear distribution in combustion-gas tempera-

ture ls expressed by
—£ - g (B1)

The heat balance across a small segment dx of the inslide wall
glives

Woop, 8T = U(Tg - Tg) nDidx (B2)

Using the simplifying notation that

WoCs. 0 _ bGsCh o

B=—Fo, = 0 (3)
equations (Bl), (B2), and (B3) combine to give
(T - T¢) . (Tg - Tc) } (34)
dx B
which has the solutions
*1
(Tg,1 - To,1) = BB (1 - e"f> (25)
and X,
(Tg,2 = To,2) = BB <1 - e--i_) (B6)

1227
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By rearrangement and subtraction of equation (B5) from equation (B6)

T - T T - T
%=;E_fl.=1oge< __g;i_s;_l>_1°ge< __&E__sia:)

B BB BB
(87)
However,
1 =l<.1_> 2 1 ___ 1
BB ~ B \Bl B (Tg,2 - Tg,1) DPGcCp,c (Tg,2 - Ig,1)
and equation (B7) can be rewritten as
T - T -
1 .|1- 8 o,1< w )]ebgccp,c
Tp2 = To,2 ) To,2 - Tg,1 \P%cCp,c (38)
T, 5 - T 1 10
85 8 : —_—
bGeCp,c

which relates the outlet temperature of the cooling gas to U and
the known variebles. '
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TABIE I - TABUIATION OF CONFIGURATIONS AND VARIABLES INVESPIGATED WITH STEP-BY-SPEP METHOD

A

Synbol| Burper | Passa ‘Mass veloclty of| Meas | 7K T Diffuser total [Inlet total ontlet total Meximum |Pins
ddameter| height |le combustion gas [velocity :aﬁo presoure tenperature tempersature inalde-wall
Dy b 1 X 8 ratlo : | T, 1 |%q 1 (Oobustion | Gooling texporature
sy | 08 U [ntaea)(aq £t)) | %08 (m/nq 16wl (G | (&) [ e gn o
T o T (o]}
8» c,2
. {°R) (°R)
[s) 0.8553 |0.001048 b 10 0.504 0.02 1458 500 |BOO 3500 . BE70 2655 No
.788 « 04 1789 2898
1.181 +08 1619 2101
. 1.576 .08 1345 19654
a 0,83353 |0.04267 5 10 0.4 0.0841 1458 . BOO ED0 5800 1096 2190 No
.8 1863 855 1998
1.18 2402 762 2170
1.57 «380 713 17856
6 1.667 LOLBO3 3 10 0.533 p.02 1468 500 3500 1719 8526 Ho
1.068 04 1273 2038
1.508 «08 1083 1880 -
A 1.607 »020835 3 3.0 0.385 02 5668 500 [300 3600 £035 23350 No
185 Ot 1478 2080
1.18 » 0B, 1175 1880
1467 .08 l1o0€8 1768
v 1,887 |0.02083 & 6,35 0.508 0. 03 o079 443 {443 3483 1476 £183 Ro
1.0 .0b 1180 2000
1.4 .07 1004 1887
<] 1.687 0.08083 ] 10 0,393 . 0196 1458 500 2000 967 150 o
593 +Q186 2500 1189 1819 -
785 0892 BEOO 230 1826
1.18 . 0588 2500 a3 1500
l.18 .05688 3000 M4 L1750
Pt 01498 2500 1866 2451
7 0549 1270 2146
1.0 «0b 1115 2000
[ 1.4056 . 0898 . 980 ig7d
[ 1.687 . 0ROB3 8 21.86 0.393 0.02 %860 838 (538 5808 1683 2430 Yo
7856 .04 137 2800
1.1 .06 1095 2086
1.57 .08 87 1990
q 1.687 0.02083 5 3.2 0.783 0. 04 4900 870 870 2000 ase 1410 No
78S 04 2500 980 iroe
393 02 3450 1601 2620
-85 «04 1218 eRT0
1.18 06 1068 2060
1.571 .08 004 1930
V 1.687 - 04167 [] 10 0.3 LQB06E6 1458 50O [B0O 5500 1340 R276 Ho
B 05008 1003 2189
.7 0716 086 2021
1.0 L1021 796 1976
1.3 .1328 32 1887
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[ DN [1.667 [0.04187 § 8.2 0.762 [0.08 4000 a70 Fvo BE30 942 0256 No
1.18 .1208 e84 2085

A li.ee7 [o.02083 5 10 0.3948 0.0 1488 BMFOO 5600 1802 2005 Yoat
502 03 1508 2085
«.TO O 1529 1936

1.667 lo.04187 5 10 0.39 [0.04 1480 500 |300 =500 1268 2028 Yosb

588 .08 1070 1860 :

7 | 8.5 0.03125 [) 10 0.3906 P.oe 1458 5007500 5600 1308 9243 Ro
797 .04 984 £050
1.176 .06 260 1011
1,504 .08 789 1797

D 1g.355 [o.02083 5 10 2.3 0,06 1408 600 2000 828 1018 Mo
2.3 .08 3600 82D 1666

4 |s.335 |o.04167 B 10 0.798 04 1468 500 |600 2500 708 1610 ¥o
.396 .03 ' S500 1113 £321
782 Ot 854 2062
1.187 .08 771 1921
1.684 .08 . 718 1813
2.3 1161 654 167

O [5.358 [0.04167 | 10 10 0,306 p.02 1433 500|600 3300 1667 2550 Wo
798 .04 1200 2140
1.187 .08 ° - 1018 1980
1,54 .08 823 1880

«+ D J2,0 0, 0247 4 8.48 2.0 D.10 2000 1650 1650 3000 1790 2158 Ho
: . 05682 1.0 078 - 1818 22PH
.05882 1.333 .10 1702 2105
.04B8 1.0 .10 1782 2220
.0488 1.0 /10 2600 172l 1904
.0i83 16.84 1.0 .10 4000 3000 1755 2840
.0488 25.26 1.0 .10 6000 ' 1739 2860
.0488 6 B.48 1.0 .10 2000 1836 2e55
2,668 04167 6 8,57 '} +D8 8000 1876 2276
.0 L0733 6 8.43 1.0 .10 2000 1977 2336

[V . 0.0488 4 8.43 0.4 D.04 2000 500 |1650 3000 1063 2080 Ne
6 .08 910 1092
.8 .08 830 1933
1.0 .10 764 1885
. 1.0 W10 1000 1320 1980

Q |2.0 0488 4 16.684 0.4 0,04 4000 500 (1660 3000 926 2130 Yo
.6 .08 B17 2060
.8 .08 754 1985
1.0 .10 721 1875
1.0 W10 1000|1650 3000 1178 2011

%0.02083 foot high, 0.0082 foot thick, and 0,04187-foot spaoing.
D0,04167 foot high, 0.0052 foot thick, and 0.04187-foot spacing.’
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36 . G NACA RM ESLO9

Diffuser Flame " Annular Inside utside
inner holder cooling wall wall
body. - passag

-7 //7 e Cooling gas
A— >
4;——.; ‘:7
\"4, D —t-» Combustion
N i gas
- - - ?o — —
~ 7 —t—
'/_* - g,1 T Tgsz
L/ T 1 1,2
e '/ “C»
5 L — T Te o
Z/ To, 1 dx ¢
Diffuser [—x-x%1 —_—:1 r- | ©,2
< 1 :
>
Station 1 2
{(a) Notation for combustion chamber and cooling passage.
Te
Ty // / _L
e
b e e e e e e - -
~ / E
3 - Ag /J
g e )
3 // ! : 1
ot |
w0
<] ﬂ///
H
lp —————— VW T
s

(b) Notation for longitudinal fin: Ap = yel;
C =21l; Sg = (8+21¢p)ls

Figure 1, — Schematlc dlagram of combustion chamber and
longlitudinal fin,
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Pigure 2. - Distribution of mean combustion-gas temperature determined from measured statis-pressure distribution.
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3600
A7
/f
3200 4 /
////
/
Assumed combustion- / / /
gas distribution— / 1/
2800 . 4 /

2400 / \//
[ L

&
- /
P / | e
P /’
g‘ \ / ( 7 1/ VZ “ 5// //
& P A
1600 LA LT A

"/

/7

/ / /// ) b/ Cooling
1200 7 / — ~7

| [ N 4/ A //
VoA P

800 // // // gl
/ %/// —

/.7 ) —t T A=
=11 |
400 ] ]
4] 2 ok 6 8, 1.0

Fraction of combustion-chamber length

Figure 3. ~ Effect of assumed distribution of combustion-gas tem-
perature on temperature of inside wall and cooling gas.
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Pigure 5. - Performance characteristics of parallel-flow heat sxchbanger having linear rlse in combustion-gas tom-
perature and constant effective over-all heat-transfer coefflclent.
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NACA RM ESLOS D

(£t)  (ft) (£t) (1b/(sec) (1b/sq _ (°R) (°R) (°R)
(sq £t)) £t abs.)
o) 2.0 0.0488 4 l16.584 4000 500 1650 3000
O 2.0 «0488 4 8,42 2000 8500 1650 3000
4d 3.3%53 .04187 5 10 1458 500 500 3500
v 2.5 03185 6 10 1458 500 500 3500
P> 1.6687 ,02083 5 21.25 3250 638 638 3608
4 1.667 .,02083 5 10 1458 500 500 3500
Y 1l.687 ,02083 5 6,35 979 443 443 3463
$ 1.667 ,01563 6§ 10 1458 500 8500 3500
(o) 833 .01042 S 10 1458 500 500 3500
10 - —
8 5 A
A s
q A
6 7T
D ya i pd
e //jf7
4 P .
AT T
5 AN A
o {/// P! //V
°o E 2 e / //D/-;/ /9/
8 % y e L/ )79// //
/L-b/ A /§ // d
L
AN é/
‘VD // 6 A
1.0 //y 7 4 /// /
Z A /1
.8 7 /} 0,84
- / e
06 1
)
.4 /1"(
.3 111
.1 2 ] .4 .6 S8 1 2 S

Mass velocity ratio, Ge/Gg
(a) Determination of a,
Flgure 6. - Determination of exponents in empirlcal equation (19).
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Dy b 2 Py Te,1 Tg,1 Tg,2
(£t) (£8) (£t} (b/sq (°R) (°R) (°R)
£t abs.)
A 1.667 0,02083 §& 568 500 500 3500
v 1.667 .02083 5 o979 443 443 3463
< 1l.667 ,02083 5 1458 500 500 3500
> 1.667 ,02083 & 3250 838 838 3608
N 1.667 .02085 5 4900 870 870 3630
©c 2.0 . 0488 4 2000 500 1650 3000
e) 2.0 .0488 4 4000 500 1850 3000
Mass
veloclty
8 .rzﬁlo ]
Go/Gg -
6 1‘0?4'0/ /’o, -
-
o)
871
4 c‘/, Ty /*'
617 A
/
S |1
=y .
K 1.574+1% |+ :
Sle 2 N g i
8 Lls—‘Ha ,S&””‘
l/ _t®
o]
’ﬁ,/”/ D(/’/’
.81
//
100 /
8 T
L) B V,V
A
-8 "
- 0-‘-9 . '
.4 1] id -m: _
1 3 4 6 8 10 40

2 20
Combustion-gas mass velocity, Gs, 1b/(sec)(sq ft)
{(b) Determination of 4,

Pigure 6. - Continmued., Determination of exponents in empirical
equation (19).



NACA RM ESLO9

(rt)  (£8) (1b/(sec) (lv/sq = (°R) (°R) (°R)
(sq £t)) £t abs,)
O 0.04167 5 10 1468 500 500 3500
5 7 04167 & 10 1458 500 500 3500
N 4 +04167 5 10 1458 5§00 500 3500
— < 02083 5 10 1468 500 500 3500
D 02083 5 10 1458 500 500 3500
Mass
veloclty
8 ratio, Go/Gg
6 1;5.
1.13 —
)
Z.3 T
§,E 4 T
Fe]
3
2 14 — 2,
.1 -2 3 4 6 .8 1 2 3
Burner dliameter, Dy, £t _

(c) Determination of jJ.

Figure 6. ~ Continued. Determination of exponents in empirical

equation (19).

43



44

10

chcp’c
A1)

1.0 7 1 7
/1
QBD /
1
.8 7 Z
[
va
o4
Y- J
.01 .02 .03 .04 .06

Pigure 6. - Continued,

by

]

()

Fa

Tc,1 Tg,1 Tg,2

AN

(rt) (£t) (1o/(sec) (1b/sq (°R) (°R) (°R)
(sq £t)) £t abs.)
DN 3.333 5 10 1458 500 500 3500
d 3.333 5 10 1458 500 500 3500
O .83%5 5 10 1458 500 500 3500
$ 1.667 5 10 1458 500 500 3500
g 1.667 5 10 1458 500 500 3500
U 2.600 5 10 1458 500 500 3500
7 1.667 & 10 1458 500 500 3500
< 1.667 & 32.2 4900 670 670 3630
y _‘I/zl. Mass velyity
} -ratio, G,/G
V| h.s ’ g
.57l
e 1T
yd « 8
S y4av7 4
A /
/|
Z// /"
8 //
2/

Passage height, b, ft
(@) Determination of m.

equation (19).

Determination of exponents in empirical

Leet



1227

NACA RM E9SLO9 i

b6,

(£t) (£E)  (1b/(sec) (1b/sq (°R) (°R)} (°R)
(sq r£t)) £t abs.)
ad 3,333 0,04167 10 14568 500 500 3500
a 3.333 ,04167 10 1458 500 500 3500
D 2.0 .0488 8.42 2000 1650 1650 3000
8
N
6 \:ZL
N N\ N
N\ N Mass
4 1.000 N NN velocity
NN ratio
. \ \a\ C-,/Gg
1 Nz.0NL .57
R " N \1.18
2
N ,\
‘\\ v .8
N
1.0 e
6 . I -
2 1 1 [
1 2 3 4 6 8 10 20

Burner length, 1, ft
(e) Determination of u.

FPlgure 6, -~ Continued. Determination of exponents in empirical
. equation (19).
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bG,

O, NACA RM ESLO9

Dy b 1 G8,/Gy ©Pg Te,1 Tg,1 Tg,2
(£t} (rt) (f£t) (1b/sq (°R) (°R) (°R)
£t abs.)
D 3,333 0,02083 S 2.3 1458 500 500
 3.333 ,04167 S 2.3 1458 500 500
N 1.667 .02083 5 .8 4900 870 670
4 1l.667 ,02083 5 1l.18 1458 500 500
(od 2.0 .0488 4 1l 2000 1650 3000
20 2.0 .0488 4 l 4000 1650 3000
D 2.0 »0488 4 1 1650 3000
e l
\“.\
5 {1b/(sec)
~ \\E (sq[rt))
. . T~10
. T~ |
L\‘IO
0.38 I\\
S 1
'\‘3\ —
- . ~32.2
2 |

1000 2000 3000 4000 5000 6000 7000
Outlet combustion-gas temperature, '1‘8,2, °R

(f) Determination of <.

8
[ G
\ﬁ\\\ (1b/(sec§(sq £t))
7 \o\ 6.84
8 \\“ \D\
\‘5‘-

23T~

4 . Tt
300 400 500 600 700 800 900 1000 2
Inlet cooling-gas temperature, Tc,l: °r

(g) Determination of z.

Plgure 6., - Concluded. Determination of exponents in empirical
equation (19).
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- 80,000 Q
Y B g
Fa @ ~
A a
40,000
K
20,000

0 4 8 12 16 20 R4 28 52
Combustion-gas mass velocity, Gg, Iv/(sec)(sq rt)

PFilgure 7. - Determination of mean value of K for)annuhr cooling passage. (See table I for
symbols.
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Dy b 3 ig 2 a3 ag . Py

(aq £t)) £t eba.)

S - 10 1458

_ Te,1 Tg,1 Tg,2
(£t) (£t) (£8) (£)  (£t)  (£t)  (Iv/(sec) (1b/sq  (°R) (°R) (°R)

<4 1.667 0.02083 5 500 500 35600
7 1.667 .04167 5  ewemm- cmmom e 10 . 1468 500 500 3500
A 1.667 .02085 5 0,02083 0,0052 0,04167 10 | 1458 500 500 3500
J 1.667 .08167 5  .04167 .0052 .04167 10 1458 500 500 3500
60,000
—
40,000 g
20,000
0
1 2 )
sc
5

Figure B. - Effect of Inconel longitudinal fins om K.
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Flgure 9, — Experlmental tail-pipe burner,
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50

G NACA RM EQLO9
Wc/w g Gg TS» 1
(1v/(sec) (°R)
(sq ft))
@] 0.088 6.83 1704
- 087 6.45 1700
.088 8.80 1669
«089 6.70 1619
«089 6.54 1633
ﬁ «086 6,50 1468
- Talled symbols are
calculated values
2200
1
Inside wall
2000 ‘Q
& PvA
g Vv
£ 1800
2 Aa
4 Cooling gas 63' A
1600 L _ -
(1N ¥
1400 ‘g ] i
2000 2200 2400 2600 2800 3000

Outlet combustion-gas temperature, Tg o, °R

Flgure 10, ~ Variation of inside-wall and cooling-gas temperatures
with combustion-gas temperature at 48-inch station of tail-pipe

burner shown in figure 9.
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NACA RM ESLO9 S iy

3200 Combustion gas
(@)
>3
3000 1 4 g
2800
(°R)
> o0.086 1667
O .087 1700
2600 O «088 1704
ég +087 1703
& <097 1579
Py Tailled symbolé are
E calculated values
2400
£
2
5
[
2200 Inside wall
_8 4
2
2000
1800 Cooling gas
o) |
-
1600 , 14 L
6 7 8 9 10 11

Combustion-gas mass velocity, Gg, 1b/(sec)(sq £t)

Figure 11l. = Comparison of calculated and measured inside=wall and
cooling-gas temperatures at 48-inch station of tail-pipe burner
shown in figure 9.
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